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Purpose: Cockroach (CR) is an important inhalant allergen and can induce aller-
gic asthma. However, the mechanism by which CR induces airway allergic in-
flammation and the role of endotoxin in CR extract are not clearly understood in 
regards to the development of airway inflammation. In this study, we evaluated 
whether endotoxin is essential to the development of CR induced airway allergic 
inflammation in mice. Materials and Methods: Airway allergic inflammation was 
induced by intranasal administration of either CR extract, CR with additional en-
dotoxin, or endotoxin depleted CR extract, respectively, in BALB/c wild type 
mice. CR induced inflammation was also evaluated with toll like receptor-4 (TLR-
4) mutant (C3H/HeJ) and wild type (C3H/HeN) mice. Results: Intranasal admin-
istration of CR extracts significantly induced airway hyperresponsiveness (AHR), 
eosinophilic and neutrophilic airway inflammation, as well as goblet cell hyperpla-
sia in a dose-dependent manner. The addition of endotoxin along with CR allergen 
attenuated eosinophilic inflammation, interleukin (IL)-13 level, and goblet cell hy-
perplasia of respiratory epithelium; however, it did not affect the development of 
AHR. Endotoxin depletion in CR extract did not attenuate eosinophilic inflamma-
tion and lymphocytosis in BAL fluid, AHR and IL-13 expression in the lungs com-
pared to CR  alone. The attenuation of AHR, eosinophilic inflammation, and goblet 
cell hyperplasia induced by CR extract alone was not different between TLR-4 mu-
tant and the wild type mice. In addition, heat inactivated CR extract administration 
induced attenuated AHR and eosinophilic inflammation. Conclusion: Endotoxin in 
CR extracts may not be essential to the development of airway inflammation.
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INTRODUCTION
 
Asthma morbidity continues to rise, especially among inner-city children. Recent 
data indicate that the disproportionate increase of asthma in densely populated urban 
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dotoxin in CR extracts remains controversial.25 Therefore, 
we evaluated the role of endotoxin in a CR -induced mouse 
model of asthma using BALB/c and TLR-4, a crucial mole-




Female BALB/c (6-8 weeks old), TLR-4 mutant (C3H/
HeJ), and TLR-4 wild type (C3H/HeN) mice were pur-
chased from Jackson Laboratories (Seoul, Korea). All mice 
were housed under specific pathogen free conditions, the 
American Association for the Accreditation of Laboratory 
Animal Care-approved facilities, and maintained on a 12 
hour light-dark cycle with food and water ad libitum. All ex-
periments described in this study were approved by the Ani-




We prepared crude German CR extract as previously men-
tioned.26 Thirty grams of live or frozen Blattela germanica 
were pulverized in liquid nitrogen. The sample was then de-
fatted in 200 mL of 1 : 1 ethyl ether/ethyl acetate and extract-
ed overnight with slow stirring at 4°C in phosphate-buffered 
saline (PBS) (pH 7.4) containing 6 mM 2-mercaptoethanol 
and 1 mg/mL of 1-phenyl-3-(2-thiazolyl)-2-thiourea to pre-
vent melanization. The extract was then centrifuged at 9300 
g for 30 min at 4°C, and the supernatant was filtered through 
a 0.22 mm filter, and then lyophilized. Supernatant con-
tained 0.11 U of Bla g 1 per mg of CR extract. The level of 
endotoxin in the lyophilized extract was 5810 EU/mg ac-
cording to the QCL-1000 chromogenic LAL kit (Cambrex, 
East Rutherford, NJ, USA). For the preparation of endotox-
in added to CR extract, 2 μg of endotoxin (10000 EU; Sig-
ma-Aldrich, MO, USA) was added to 300 μg of CR extract.
Endotoxin free CR extract
Endotoxin was eliminated from the above crude CR extract 
by endotoxin removing columns (Thermo, Rockford, IL, 
USA). Before use, detoxi-gel resin was washed sequential-
ly with five resin-bed volumes of 1% sodium deoxycholate, 
followed by 3-5 resin-bed volumes of pyrogen-free buffer 
or water to remove the detergent. The crude CR extract was 
areas appears to be due to increases in allergen exposure. In 
particular, Cockroach (CR) allergen exposure has demon-
strated a significant correlation with a rise in adolescent and 
childhood asthma, in more densely crowded inner cities, 
where large numbers of CRs can be found.1,2 Busse and 
Mitchell3 reported evidence that sensitization to CR allergen 
and the level of exposure was associated with hospital admis-
sion and emergency room visits due to asthma for both adults 
and children.  
For the last 10 years, mouse models of asthmas has been 
developed to investigate the mechanisms of asthma.4 Among 
them, OVA and indoor allergens, such as CR and dust mite, 
are commonly used as allergens for mouse models.5-7 How-
ever, each model has its own advantages and disadvantag-
es, and no model is identical to the conditions found in hu-
man asthma.8 CR is common and has been associated with 
the sensitization and severity of asthma in humans.1,2 More-
over, CR can sensitize a host via the respiratory system with-
out any adjuvant,9,10 and has other initiating factors for in-
nate immune responses, such as endotoxin,11 protease,12,13 
and chitin,14 which are certainly present and play important 
roles in the sensitization and induction of allergic inflam-
mation.15
Endotoxin is an outer layer component of the outer cell 
membrane of all Gram-negative bacteria, and influences dis-
ease severity by acting as a natural adjuvant to allergic in-
flammation. A significant amount of data has shown that ex-
posure to endotoxin in the environment or via cigarette 
smoke leads to exacerbation of pre-existing asthma.16,17 
However, other recent studies have claimed that endotoxin 
has protective effects against developing asthma,18-20 and 
high endotoxin exposure in rural houses which kept stable 
animals prevented the development of asthma.18 These re-
sults suggested not only the existence of an early protective 
window period, but also that exposure of endotoxin after al-
lergen sensitization aggravates allergic disease.21 In this en-
dotoxin-allergy relationship, genetic factors are also involved 
in host responses.22,23 Further complicating the enigma, the 
essential immunostimulant of each indoor allergen may be 
different. For house dust mites, β-glucan, instead of prote-
ase activity or endotoxin, may be essential for activation of 
respiratory epithelium and recruitment of dendritic cells; 
however, it is not found in CR extract.24
CR extracts sensitize via the respiratory system without 
adjuvant and lead to chronic inflammation rather than toler-
ance in mouse models. However, the underlying mecha-
nism of the CR mouse model of asthma and the role of en-
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onds during regular ventilation. Two measurements were 
made at one-minute intervals following each aerosol.
Analysis of Bronchoalveolar lavage (BAL) fluid and 
lung homogenate
To collect BAL fluid, lungs were lavaged with 1 mL of 
Hank’s balanced salt solution via an intubated tube. Total 
cell numbers were counted with a hemocytometer. After 
that procedure, BAL fluid was centrifuged at 1500 rpm for 
3 minutes at 4°C, and then smears of BAL cells were pre-
pared by cytocentrifugation (cytospin3, Thermo, MA, 
USA) at 1000 rpm for 3 minutes. All smears were stained 
with Diff Quick staining. Differential cell counts in BAL 
cells were done with at least 200 leukocytes, using the stan-
dard hemocytologic procedure to classify the cells as either 
neutrophils, eosinophils, lymphocytes, or other mononuclear 
leukocytes (macrophages and monocytes). After collecting 
BAL fluid, one side of the lungs were removed and homog-
enized in 3 mL of lysis buffer containing 0.5% Triton X-100, 
150 mM NaCl, 15 mM Tris, 1 mM CaCl, 1 mM MgC1, 
and protease inhibitor (Sigma-Aldrich, St. Louis, MO, 
USA) at a pH of 7.40, using a tissue homogenizer (Biospec 
Products, Bartlesville, OK, USA). Homogenates were incu-
bated on ice for 30 min, and then centrifuged at 2500 rpm 
for 10 min. Supernatants were collected, passed through a 
0.45-micron filter (Gelman Sciences, Ann Arbor, MI, USA), 
and then stored at -20°C for assessment of cytokine levels. 
Measurement of cytokine analysis
ELISA kits were purchased from R&D Systems (Minneap-
olis, MN, USA). Interleukin (IL)-5, 13, and interferon-
gamma (IFN-γ) in the homogenate of lung tissue were de-
tected by sandwich ELISA according to the manufacturer’s 
recommendations.
Pulmonary pathology analysis
After BAL fluid collection, one side of the lungs was inflat-
ed with 10% formalin at a standard pressure. Tissues were 
then embedded in paraffin, and 3 µm thick sections were 
cut and stained with H&E, trichrome for fibrosis, and Peri-
odic Acid-Schiff for goblet cell hyperplasia.
Statistical analysis
Statistical differences in the mean values among groups 
were determined by using one-way ANOVA. The paired 
Student’s t-test was used to compare the mean between two 
groups. Differences in AHR were determined by F-test anal-
applied to the column, and the column was incubated for 
one hour before collecting the sample. After storing the 
sample, the level of endotoxin was found to be 0.0876 EU/
mg according to the QCL-1000 chromogenic LAL kit 
(Cambrex, East Rutherford, NJ, USA).
Study schedule
BALB/c mice were administered with an intranasal saline 
or CR allergen (18.8 µg, 75 µg, or 300 µg of CR allergen in 
40 µL of PBS/mouse, respectively) twice per week during 
the five-week dose-dependent experiment. The total amount 
of CR extract administered to each mouse of this experi-
ment was 188 µg, 750 µg or 3000 µg, respectively. Also, 
BALB/c mice were administered twice per week with an 
intranasal saline, CR extract (300 µg of CR/40 µL of PBS), 
CR extractwith additional endotoxin (10000 EU) or endo-
toxin depleted CR extractfor endotoxin dependent experi-
ments without any adjuvant during the five weeks under 
isoflurane anesthesia. To investigate the function of endo-
toxin, TLR-4 mutant mice (C3H/HeJ) and TLR-4 wild type 
mice (C3H/HeN) were used. C3H/HeJ mice are an inbred 
strain that are TLR4 defective, and demonstrate endotoxin 
hypo-responsiveness.27 These mice were administered twice 
per week with an intranasal saline or CR allergen (300 µg 
of CR/40 µL of PBS) without any adjuvant during the five 
weeks under isoflurane anesthesia. Finally, CR extracts 
were treated with heat at 65°C for 30 minutes to remove 
protease activity, which were then given to BALB/c mice to 
investigate the role of protease in CR extracts. Each group 
comprised five or six mice, and all experiments were per-
formed more than three times.
Measurements of airway hyper-responsiveness (AHR)
Forty-eight hours after the last challenge, AHR to metha-
choline (MCh) was measured in mice intubated with an 18 
gauge steel tube. Mice were ventilated with a flexiVent 5.1® 
small animal ventilator (SCIREQ, Montreal, PQ, Canada) 
at 120 breaths per minute and a tidal volume of 30 mL/kg. 
A positive end expiratory pressure was set at 2 cmH2O. The 
ventilation rate was set above the normal breathing rate to 
suppress spontaneous breathing during measurements.  
Mice were challenged with a saline control aerosol fol-
lowed by increasing concentrations of MCh (Sigma-Aldrich, 
St. Louis, MO, USA; 3.1, 6.25, 12.5, 25, and 50 mg/mL). 
Aerosols were generated with an ultrasonic nebulizer and de-
livered to the inspiratory line of the flexiVent using a bias 
flow of medical air. Each aerosol was delivered for 12 sec-
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Dose-dependency for the development of CR extract-
induced mouse model of asthma
We evaluated dose-dependency for the development of CR 
extract-induced asthma in BALB/c mice. Mice sensitized 
with 75 and 300 µg/mL concentrations of CR extract dem-
onstrated significant increases in AHR at MCh concentra-
tions of 25 and 50 mg/mL, compared to the sham animal 
(p<0.05), and AHR had a tendency to increase in a dose-de-
pendent manner (Fig. 1A). 
Analysis of BAL fluid revealed significant differences in 
the number of total cells, macrophages, lymphocytes, eo-
sinophils, and neutrophils between mice sensitized with any 
concentration of CR extract compared with sham mice. The 
numbers of these cells in BAL fluid were increased dose-
dependently (Fig. 1B). We also observed that the expression 
of IL-13 in lung homogenate was significantly higher in the 
mice administered with any concentration of CR extract 
than sham mice. The levels of IL-13 in lung homogenate 
were also increased in a dose-dependent manner (Fig. 1C). 
The lungs of CR extractadministered mice exhibited re-
markable eosinophilic perivascular and peribronchial in-
flammation with clear evidence of goblet cell hyperplasia 
(data not shown).
The effects of endotoxin on the development of CR 
extract-induced mouse model of asthma
We evaluated the effects of endotoxin on the development of 
CR extract-induced asthma in BALB/c mice. Endotoxin ad-
dition (10000 EU) or endotoxin depletion in CR extract did 
not affect the development of AHR (Fig. 2A). Analysis of 
BAL fluid revealed significant differences in the number of 
eosinophils between mice sensitized with CR, CR without 
endotoxin, and CR with additional endotoxin. The number of 
eosinophils in mice administered with CR with additional 
endotoxin was significantly lower than in those administered 
with CR alone (p<0.05) (Fig. 2B). 
The level of IL-13 and IL-5 in mice administered with 
CR without endotoxin was not different from mice admin-
istered with CR alone, whereas the levels in mice adminis-
tered with additional endotoxin were significantly lower 
than in mice administered with CR alone (Fig. 2C and D). 
We also observed remarkable perivascular and peribronchi-
ysis which compared values over the entire curve between 
each treatment group. From this F-score, a value for p was 
generated. In all cases, a value of p<0.05 was considered 
Fig. 1. Dose-dependency of CR extract-induced asthma model in BALB/c 
mice. Developments of AHR (A), airway inflammation (B), and IL-13 level in 
the lungs (C) showed the dose-dependency of CR extracts. (A) CR 75 and 
300 µg/mL administrated mice demonstrated significant increases in AHR at 
MCh concentrations of 25 and 50 mg/mL compared to the sham animal. (B) 
Total cell number, lymphocyte, eosinophil and neutrophil counts demon-
strated statistical differences between sham mice and CR extractadminis-
tered mice of any concentration, and (C) IL-13 levels demonstrated signifi-
cant differences at any concentration of CR extract administration compared 
to sham mice). *p<0.01, †p<0.05. CR, cockroach; AHR, airway hyperrespon-
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TLR-4 wild type mice (p<0.05). However, the expression 
of IFN-γ was not affected by TLR-4 mutation and sensiti-
zation of CR extract (Fig. 4C and D). We also observed 
more remarkable perivascular and peribronchial inflamma-
tion in CR-sensitized TLR-4 mutant mice than in the wild 
type, (Fig. 5A-E) but there was no difference in peribron-
chial fibrosis between the two groups (Fig. 5F-J). 
The effects of protease on the development of CR 
extract-induced mouse model of asthma 
It is known that the protease activity of allergens partici-
pates in the development of mucosal allergic sensitization. 
Thus, we examined whether allergic responses to CR ex-
tracts were dependent on protease activity. We removed CR 
protease activity using heat inactivation, which eliminated 
protease activity.13 Mice that were administrated with heat-
inactivated CR extractshowed significantly decreased AHR 
and lower numbers of inflammatory cells in their BAL flu-
id, with dramatically lower eosinophilic infiltration, com-
pared with non-heat-treated CR mice. These results indicat-
ed that the presence of heat-sensitive protease activity in CR 
al inflammation in all of the CR administered mice, regard-
less of endotoxin. However, goblet cell hyperplasia in re-
spiratory epithelium was markedly diminished with the 
addition of endotoxin; nevertheless, perivascular and peri-
bronchial inflammatory cell infiltrations were prominent in 
these mice (Fig. 3).
The effects of TLR-4 on the development of CR extract-
induced asthma 
We evaluated the effects of TLR-4 on the development of 
CR -induced asthma in C3H/HeN mice and C3H/HeJ mice. 
The mutant mice developed AHR at all MCh concentra-
tions (p<0.05); however, but AHR in wild type mice was 
not different from that of sham mice (Fig. 4A). There were 
significantly increased numbers of total cells, macrophages, 
lymphocytes, eosinophils and neutrophils in the BAL fluid 
of the C3H/HeN and C3H/HeJ mice sensitized to CR com-
pared to sham mice. However, eosinophil count in BAL flu-
id was more prominent in the mutant mice than in the wild 
type mice (p<0.05) (Fig. 4B). IL-13 expression in the TLR-
4 mutant mice was significantly higher than that of the 
Fig. 2. Effects of endotoxin in CR extract-induced asthma model in BALB/c mice. Development of AHR (A) and airway inflammation (B). 
Cytokine levels (C and D) in the lungs of CR extract administrated BALB/c mice according to endotoxin level. (A) All CR administrated 
mice showed significant AHR increase at MCh concentrations of 25 and 50 mg/mL compared to sham mice. *p<0.01, †p<0.05. CR, cock-
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mans. Johnson, et al.33 also developed a physiologic asthma 
model using house dust mites (HDM). Continuous expo-
sure to HDM for up to 7 weeks resulted in sustained AHR 
and airway inflammation characterized by Th2 effector cell 
and eosinophil accumulation. These presentations resemble 
those that have been observed in human asthmatic patients; 
therefore, we are able to explain a more detail mechanism 
of the inflammatory process as well as the structural change 
of the airway following allergen exposure as a result of the 
development of this model.
CR is not only an important human allergen, but also a 
potent allergen in mice. Exposure to CR is closely correlat-
ed to asthma severity, and it can sensitize a host via the respi-
ratory system without any adjuvant.9,10 In the present study, 
we administered CR extracts via only intranasal administra-
tion, and our results showed that CR extracts induced AHR, 
eosinophilic and neutrophilic inflammation, and goblet cell 
hyperplasia of respiratory epithelium in a dose-dependent 
manner.
Although some asthma animal models using CR have 
been introduced, there are some critical problems with these 
models.34,35 These studies did not explain the function of en-
dotoxin in CR extracts: crude CR extractcontains a relative-
extracts plays an important role in the development of aller-
gic airway inflammation, particularly in terms of eosinophil 
infiltration (Fig. 6). 
DISCUSSION
Several animal models of allergic asthma, using parasite, 
OVA, and plant extracts as allergens, have been devel-
oped.28,29 Among these models, the OVA asthma model us-
ing aluminum hydroxide as an adjuvant is the standard ani-
mal model and has greatly contributed to the understanding 
of many important mechanisms of asthma and the basic pro-
cesses that occur during allergic airway responses.30 Never-
theless, the OVA model is somewhat misrepresentative from 
that of human asthma: allergic diseases in humans are 
chronic in nature resulting from intermittent or continuous 
exposure to allergen, and structural changes such as airway 
remodeling are characteristic. On the other hand, animal 
models using OVA are inadequate for evaluating the pro-
cesses involved in human airway remodeling.31,32
Therefore, many investigators have attempted to develop 
a physiologic asthma model more resemblant to that of hu-
Fig. 3. PAS and trichrome staining of CR extract-induced asthma model in BALB/c mice. Representative histology of PAS (A-D) and tri-
chrome (F-I) staining in the lung tissues. Sham mice are A and F. CR induced asthma mice are B and G. Endotoxin depleted CR induced 
asthma mice are C and H. Endotoxin addition CR induced asthma mice are D and I. The results of PAS and trichrome staining were quan-
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ment of CR induced allergic inflammation, and overcomes 
allergen tolerance in mice.12,13,40 We also showed that elimi-
nation of protease activity in CR extracts can inhibit the de-
velopment of AHR and allergic inflammation in mice. Ser-
ine protease’s receptor, protease activating receptor-2 (PAR-
2), is found on a variety cells, including macrophages and 
dendritic cells. PAR-2 activation in the airway concurrent 
with exposure to inhaled OVA induces allergic sensitization 
via dendritic cell activation, whereas exposure to OVA alone 
may induce allergen tolerance.12 
The lack of a good animal model using endotoxin has so 
far made it difficult for investigators to explain the relation-
ship between endotoxin, allergen and asthmatic responses. In 
this study, we showed that CR extract induced AHR and air-
way inflammation in a dose-dependent manner in BALB/c 
mice. Moreover, the results obtained with this model showed 
that the addition of endotoxin did not improve AHR induced 
by CR allergen extracts, but rather decreased eosinophilic 
inflammation in BAL fluid and decreased IL-13, IL-5, and 
goblet cell hyperplasia, compared with those induced by 
crude CR extracts alone. Also, depletion of endotoxin did 
ly large amount of endotoxin,10 and the role of endotoxin 
contaminated in CR extracts is controversial. Some investi-
gators have attempted to explain the function of endotoxin 
by challenging mice with endotoxin;36,37 however, the clini-
cal relevance of this model is not clear. It has been suggest-
ed that exposure to low levels of endotoxin may exacerbate 
asthmatic responses, whereas exposure to high levels might 
be protective. This is based on two animal studies with op-
posite findings. Wan, et al.38 showed that mice exposed to 
40 ng/mL of aerosolized endotoxin prior to OVA challenge 
resulted in higher specific IgE levels and inhibited tolerance 
to OVA compared to mice exposed to saline prior to OVA 
challenge. On the other hand, Tulic, et al.39 found that expo-
sure to 50 μg/mL of endotoxin with OVA challenge showed 
a protective effect and prevented the IgE response in rats. 
These studies clearly showed the role of endotoxin in a pure 
OVA asthma model. In addition to endotoxin and allergens, 
CR extracts contain several important immunostimulants 
such as proteases and chitins.14,15 Recent studies have prov-
en that protease activity in CR extracts activates innate im-
mune responses during sensitization, leads to the develop-
Fig. 4. CR extractinduced asthma model in TLR-4 wild type and mutant mice. Development of AHR (A), airway inflammation in BAL fluid (B), 
expression of IL-13 (C), and IFN-γ (D) in the lungs of TLR-4 wild type (C3HeN) and TLR-4 mutant (C3HeJ) mice in the CR induced asthma 
model. CR administrated C3HeN mice showed significant AHR increase at all MCh concentrations compared to sham mice. *p<0.01, 
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dotoxin reduced group. We also used TLR-4 mutant (C3H/
HeJ) and TLR-4 wild type (C3H/HeJ) mice to evaluate the 
function of endotoxin in the CR extract-induced asthma 
model. TLR-4 functions as the signal transduction receptor 
for endotoxin in the cells of immune systems including mac-
rophages and dendritic cells.42 Our results showed that AHR, 
eosinophil count in BAL fluid, IL-13 in lung homogenate, 
and goblet cell hyperplasia induced in C3H/HeJ mice by CR 
not demonstrate a difference in AHR, Th2 cytokine (IL-13, 
IL-5), and goblet cells in respiratory epithelium. These data 
agree quite well with previous studies. Natarajan, et al.,41 
who administered endotoxin depleted CR extract to mice, 
reported no significant difference in the infiltration of aller-
gic inflammation, and the development of AHR between 
endotoxin reduced and the other groups. They also demon-
strated elevated production of IL-5, IL-13 and IFN-γ in en-
Fig. 5. PAS and trichrome staining of the CR extract-induced asthma model in TLR-4 wild type and mutant mice. Representative histology 
of PAS (A-D) and trichrome (F-I) staining in the lung tissues. No treated wild type mice are A and F. CR treated wild type mice are B and G. 
No treated TLR-4 mutant mice are C and H. CR treated TLR-4 mutant mice are D and I. The results of PAS and trichrome staining were 
quantified in E and J. *p<0.01, †p<0.05. CR, cockroach; PAS, Periodic Acid-Schiff; TLR-4, receptor-4.
Fig. 6. Effects of heat inactivation on the CR extract-induced asthma model in BALB/c mice. Development of AHR (A) and airway inflam-
mation (B) in BALB/c mice administered with heat inactivated CR or non-heat-treated CR. Heat inactivated CR administrated mice 
showed significant AHR decrease at MCh concentrations of 25 and 50 mg/mL compared to non-heat-treated CR administrated mice. 
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These results indicated that endotoxin in CR extracts plays 
a limited role in inducing allergic inflammation, according 
to this model. Consistent to our study, Arizmendi, et al.13 also 
reported that the protease activity of CR extract is sufficient 
for CR sensitization and the induction of allergic inflamma-
tion even in TLR-4 knock-out mice. These results are also 
concordant with a human epidemiologic study, which showed 
that endotoxin levels in samples of dust from a child’s mat-
tress were inversely related to the occurrence of hay fever, 
atopic asthma, and atopic sensitization, and cytokine produc-
tion by leukocytes.18 
In the present study, we characterized a mouse asthma 
model in response to CR extract and investigated the roles 
of endotoxin and protease therein. CR exposure can elicit 
asthma-like pulmonary inflammation characterized by AHR, 
eosinophilia, elevation of Th2 cytokine and goblet cell hy-
perplasia, which were related to the amount of CR extract 
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mouse asthma model presented herein will be a valuable 
tool and may allow for the discovery of the mechanism of 
allergen sensitization and its relationship with innate im-
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